Storage of water that was deliberately contaminated with enteric viruses in polyethylene terephthalate (PET) bottles led to a rapid decrease of the apparent viral load, thereby hampering the development of samples for a collaborative evaluation of viral detection methods for bottled water. To determine if this decrease was due to spontaneous inactivation or to adhesion, an elution protocol was developed and combined with a rapid and sensitive real-time reverse transcription-PCR-based method to quantify adsorbed norovirus (NV), hepatitis A virus (HAV), and rotavirus (RV) on bottle walls. The NV retention on PET bottle walls after 20 and 62 days reached an average level of 85% and 95% of the recovered inoculum, respectively. HAV and RV also showed adsorption onto PET bottles, reaching 90% and 80%, respectively, after 20 days of storage. NV and RV attachment was demonstrated to be dependent on the presence of autochthonous flora, whereas HAV adsorption was independent of it. Application of the elution and viral detection protocol to 294 commercially available water bottles obtained from 25 different countries did not give any positive result, thereby providing further evidence that the sources used for this product are free from enteric viruses and support for the theory that bottled water is not a vehicle for viral diseases.
Food-borne and waterborne outbreaks of human enteric viruses, such as norovirus (NV), hepatitis A virus (HAV) and rotavirus (RV), are a matter of serious concern for public health.
Although there is no epidemiological evidence that bottled water serves as a vehicle for viral diseases, some doubts were raised concerning its safety due to the reported finding of NV sequences in 33% of commercially available water samples sold in Switzerland (2, 3) . However, attempts by other research groups to reproduce these results were always in vain (6, 15, 16, 19, 21, 27) , even though much larger numbers of samples and more-sensitive detection methods were used. Further investigations strongly suggested that the original findings were due to artifacts and systematic mistakes (21) . Since these unfounded allegations could have severe economic consequences for the bottled water industry, it is essential to develop internationally accepted virus detection methods for this matrix. An essential step in the validation of such methods is the organization of a collaborative trial to demonstrate its reproducibility. When preparing artificially contaminated samples for the validation of our NV detection method in bottled water based on membrane filtration and real-time reverse transcription-PCR (RT-PCR) (16), we observed a substantial decrease of the viral load after a few days of storage. Since adsorption of human enteric viruses to the walls of different container materials had been reported previously (7, 8, 20, 25, 28) , we suspected that a similar phenomenon was occurring in our samples. We therefore investigated whether enteric viruses may also adsorb to polyethylene terephthalate (PET) and glass bottles and to what extent such adsorption depends on the virus strain, the chemical composition of the water, and the presence of autochthonous microorganisms. After developing an efficient elution protocol, we also undertook a survey of 294 commercially available water bottles obtained from 25 different countries.
MATERIALS AND METHODS

Cells, viruses, and infections.
A clinical stool sample positive for NV (genogroup I [GI], Valetta strain; kindly provided by RIVM, Bilthoven, The Netherlands) was used as NV reference material.
The cytopathogenic HM-175 strain of HAV (courtesy of A. Bosch, Enteric Virus Group, University of Barcelona, Spain) and the simian RV strain SA-11 were propagated and assayed in FRhK-4 and MA-104 cell monolayers, respectively. Semipurified stocks were produced with the same cells by low-speed centrifugations of infected cell lysates. Infectious virus enumerations were performed by determining the 50% tissue culture infectious dose (TCID 50 ) with eight wells per dilution and 20 l of inoculum per well.
Bottled waters. Locally purchased bottled waters with different mineral compositions were used during this study (Table 1) . Viral genome quantification. Viral RNAs from water and walls were quantified using real-time RT-PCR. NV GI RNA was quantified using a specific assay for the Valetta strain, as described elsewhere (16) , with an ABI Prism 7700 sequence detection system (PE Applied Biosystems, Foster City, CA). The NV RT reaction was performed at 41°C for 60 min using a Sensiscript RT kit (QIAGEN GmbH, Hilden, Germany) consisting of 1ϫ RT buffer, 500 M (each) nucleotides, 1 M 9.4 reverse primer, 1 l of Sensiscript reverse transcriptase, 10 U of RNase inhibitor (Promega, Madison, WI), and 10 l of NV RNA in a final volume of 25 l. NV real-time PCR was performed using a TaqMan Universal PCR Master Mix (Applied Biosystems) consisting of 1ϫ TaqMan buffer, 0.2 M TaqMan probe 9.4, and 0.3 M 9.4 reverse and forward primers in a final volume of 50 l containing 10 l of cDNA. Amplification was performed for 1 cycle of 50°C for 2 min, 1 cycle of 95°C for 10 min, and 48 cycles of 95°C for 15 s and 58°C for 1 min. A NV standard curve was generated by amplifying 10-fold dilutions of the stool extract by using real-time RT-PCR. The cycle threshold value obtained from the assay of each dilution was used to plot a standard curve by assigning a value of 1 RT-PCR unit (PCRU) to the highest dilution showing a positive cycle threshold and values of 10, 100, and 1,000 PCRU sequentially to the lower dilutions.
HAV RNA was quantified by using a LightCycler HAV quantification kit (Roche Diagnostics, Mannheim, Germany) with a LightCycler instrument as described previously (5, 22) . Briefly, a total of 2.5 l of extracted RNA was transferred into a capillary containing 7.5 l of Master Mix. RT was performed at 55°C for 10 min, and amplification was performed for 1 cycle of 95°C for 30 s and 45 cycles of 95°C for 5 s, 55°C for 15 s, and 72°C for 12 s. The LightCycler HAV quantification kit contains internal HAV RNA standards that allow the number of RNA copies per sample to be estimated.
RV real-time RT-PCR was based on a previous publication (23) 3 TCID 50 of RV. Inoculated samples were gently mixed and distributed over nine bottles. Batches of three bottles were analyzed at days 0 (immediately after inoculation), 20, and 62. Samples were stored undisturbed in the dark at room temperature.
Water samples were analyzed as described elsewhere (9, 16) . Briefly, after the bottles were shaken vigorously, the water was filtered through a 0.45-m-poresize positively charged membrane (Zetapor filter membrane; CUNO, Inc., Meriden, CT). Virus particles were further concentrated by ultrafiltration (Amicon centrifugal filter device, 100K NMWL; Millipore, Molsheim, France) followed by RNA isolation using a commercially available kit (QIAamp viral RNA mini kit; QIAGEN). RNA extracts were either analyzed immediately by real-time RT-PCR or stored at Ϫ80°C until use. Nucleic acid suspensions were analyzed in duplicate by the specific real-time RT-PCR method, which also allowed us to estimate the number of recovered viruses or RNA copies.
Empty bottles were filled with 10 ml of elution buffer (50 mM glycine, 1% [wt/vol] beef extract [BD Difco beef extract paste; Becton Dickinson AG]; pH 9.5). Attached viruses were released from the bottle by vigorous shaking (Turbula T10B shaker mixer; Willy A. Bachofen AG) for 20 min at room temperature. The elution buffer was then transferred into a tube, and empty bottles were rinsed with 2 ml of elution buffer. The recovered elution buffer was then adjusted to pH 8.0 Ϯ 0.2 with 1 M HCl, transferred to an Amicon Ultra-15 centrifugal filter device (100K NMWL; Millipore), and centrifuged at 4,000 rpm to concentrate the virus particles. The eluate was adjusted to 140 l with phosphatebuffered saline, and RNA extraction was performed using a QIAamp viral RNA mini kit (QIAGEN) according to the manufacturer's instructions (Fig. 1A) .
Evaluation of alternative elution procedures. In an attempt to improve the recovery of attached viruses, the suitability of five different elution buffers was compared: (i) 50 mM glycine, 1% (wt/vol) BD Difco beef extract paste (pH 9.5); (ii) 50 mM glycine, 3% (wt/vol) BD Difco beef extract paste (pH 9.5); (iii) 50 mM glycine, 1% (wt/vol) BD Difco beef extract paste, 5 mM sodium dodecyl sulfate (SDS) (pH 9.5); (iv) 50 mM glycine, 1% (wt/vol) BD Difco beef extract paste, 10 mM SDS (pH 9.5); and (v) 50 mM glycine, 1% (wt/vol) BD Difco beef extract paste, 20 mM SDS (pH 9.5). An increased recovery was also attempted by treating the inoculated bottles by submersion for 4 min in an ultrasound bath (Bransonic ultrasonic cleaner, 47 kHz; Branson Ultrasonics Corporation, Danbury, CT). These experiments were all carried out with 330-ml PET bottles containing mineral water brand 3, which was inoculated with ca. 8.1 ϫ 10 5 PCRU of NV. The bottles were stored undisturbed in the dark at room temperature and analyzed at day 20. Each alternative procedure was analyzed in triplicate and processed on the same day.
Effect of autochthonous flora on adsorption. The autochthonous flora of bottled water was not characterized, but the influence of this flora was studied by comparing virus adsorptions for filter-sterilized water with those for non-filtersterilized water. Three liters of bottled water brand 3 and deionized water were sterilized through a 0.22-m-pore-size filter (Millipore) and then inoculated with ca. 2.4 ϫ 10 6 PCRU of NV, 1.5 ϫ 10 5 TCID 50 of HAV, or 3. 3 ϫ 10 3 TCID 50 of RV. Inoculated samples were gently mixed and distributed over nine bottles (330 ml PET). Batches of three bottles were analyzed at days 0 (immediately after inoculation), 20, and 62. Samples were stored undisturbed in the dark at room temperature and analyzed as described above.
Analysis of commercially bottled water samples. A simplified protocol for analyzing simultaneously the water phase and the packaging material was developed ( Fig. 1B and C) . The initial steps for water and bottle wall analysis were identical to those described above. Once viruses were released from positively charged membrane and bottle walls, elution buffers were pooled and further concentrated using a centrifugal filter device (100K NMWL) adapted to the volume required. The eluate was adjusted to 200 l with phosphate-buffered saline, and then RNA extraction was performed by using a Magna Pure Compact Robot (Roche Diagnostics), applying the "DNA_Blood_100_400" protocol ac- cording to the manufacturer's instructions. Viral RNAs were detected using real-time RT-PCR for HAV and RV and by RT-PCR for generic NV detection as described elsewhere (16) . The presence of inhibitors was monitored by using the internal control supplied with the HAV kit. For NV detection, RNA samples were analyzed twice, once without and once with the addition of a positive NV RNA sequence.
RESULTS
Development of a protocol to release viruses from bottle walls. Storage for 3 weeks of water that was inoculated with NV in PET bottles led to a ca. 90% decrease of the viral load in the water phase compared with that of water analyzed immediately after inoculation. To determine whether adsorption played a role in this loss, a procedure was developed to release viruses from bottle walls. NV attached to bottle walls after 20 days of storage was tentatively released using different elution buffers. As each of the five tested elution buffers gave approximately 30% recovery (data not shown), the buffer that was also used for releasing viruses from the positively charged filter (50 mM glycine, 1% beef extract; pH 9.5) was selected for the standard protocol to elute the adsorbed viruses from the bottle wall.
Exposure to ultrasound reduced the NV recovery to less than 0.1% and was therefore not included in the standard protocol.
NV adsorption in different types of bottled waters. NV adsorption onto the bottle wall (PET and glass bottles) was evaluated after 0, 20, and 62 days using five different bottled water brands and deionized water. To investigate viral adhesion to PET or glass bottles, the percentages of the recovered genome present in the aqueous phase and adhering to walls were monitored at days 0, 20, and 62. In PET bottles, NV retention on the bottle walls after 20 days reached an average level of approximately 75% of the total recovered inoculum versus only 2.5% at day 0. Viral adsorption rose to 91% after 62 days of storage. No significant differences between the five types of bottled waters were observed, whereas in deionized water, virus adsorption to the bottle wall was limited to only 35% after 62 days of storage (Fig. 2) .
Attachment on glass bottles ranged from 18% to 73% after 20 days of storage, depending on the bottled water composition, whereas at day 0, only 4.5% of adsorption, as an average for the five types of bottled water, was observed. Percentages after 62 days of storage rose to 75%, similar to those obtained after 20 days for PET bottles (Fig. 3) . NV inoculated in bottled water brand 5 showed the lowest adsorption in glass bottles, where the virus particles quantity initially found in water at day 0 was more than 130 times greater than that found attached to the bottle. Between days 0 and 20, a small fraction of virus particles moved from the aqueous phase to the bottle walls, with more than four times more virus particles in the water phase than eluted from the bottle walls. Only after 62 days was the proportion of NV genome adsorbed onto the bottle walls higher (1.3 times) than in the water phase.
HAV and RV adsorption onto PET bottles. When added to bottled water brand 3, HAV also showed adsorption onto the bottles, reaching 85% of virus retention after only 20 days on June 21, 2017 by guest http://aem.asm.org/ (Fig. 4A ), whereas 46% virus adsorption was detected at day 0. At day 62, the quantity of virus particles in the aqueous phase was small (ca. 9.5%) compared with the quantity adhering to the bottle. Adsorption in other brands of bottled water was not investigated. RV retention onto the bottle walls after 20 days reached an average level of approximately 80% of the total virus recovered. This percentage rose to 95% after 62 days of storage. As observed with NV and HAV, only 40% of RV was retained on the walls of bottles filled with deionized water after 62 days (Fig. 5) .
Autochthonous flora effect on viral adsorption. To determine whether autochthonous flora plays a role in virus adsorption, 0.22-m-pore-size-filtered bottled water (filter sterilized) was inoculated separately with the three viruses. The use of this water in PET bottles strongly reduced the adsorption of NV, as more than 95% of the recovered inoculum was still detectable in the water phase after 62 days of storage. In the deionized water, where 38% of NVs were adsorbed to walls after 62 days of storage, more than 92% were still present in the water phase after 62 days if the water was filtered prior to inoculation (Fig. 6) .
RV attachment in filter-sterilized bottled water reached a level of 20% and 50% after 20 and 62 days, respectively, which is four and two times lower than that observed with unfiltered water (Fig. 5) . HAV adsorption, in contrast, was hardly affected by the presence of the autochthonous flora (Fig. 4) .
Kinetics of virus titer recovery. The total recovered virus titer from the aqueous phase and bottle walls was estimated using the corresponding standard curve at days 0, 20, and 62. NV (PCRU) and RV (TCID 50 ) titers were quite stable in bottled water (18% and 38% titer loss for NV and RV, respectively), whereas ca. 95% and 83% decreases were observed with deionized water after 62 days of storage ( Fig. 5 and 6 ). In contrast, the total HAV titer, surprisingly, increased with the storage time, 3 and 15 times in nonsterilized and filter-sterilized bottled water, respectively, after 62 days of storage (Fig.  4A) . To elucidate this trend, the HAV titer was plotted separately in water and wall phases (Fig. 4) , showing that the virus titer increase was observed only for the walls. At day 0, HAV was distributed equally on the bottle walls and in the water phase, but on day 20, the majority of genome was found adsorbed onto the bottle walls, with more than two times greater amounts than those found at day 0 in the aqueous phase. At day 62, the genome adhering to walls was more than 4 and 20 times that initially found in the aqueous phase for nonsterilized and filter-sterilized bottled water, respectively. To ascertain whether this titer increase was due to a technical problem, the efficiency of the water filtration protocol (inoculated viruses/ recovered viruses in the water phase at day 0) was determined for the three viruses and was determined to be only 1% for HAV (instead of the ca. 30% and 10% obtained for NV and RV, respectively), suggesting that the HAV titer in water was underestimated; as soon as HAV was adsorbed to bottle walls, the efficiency of recovery was much better. Analysis of bottled water samples. In the framework of verifying the safety of bottled water, a worldwide survey of 294 commercial bottled water samples of different origins was carried out (Table 2 ). All tested bottled water samples were found to be negative for the presence of NV, HAV, and RV genomes in the aqueous phase and on bottle walls. The presence of RT-PCR inhibitors was evaluated for all brands of bottled waters included in this survey for NV and HAV. The HAV internal control was detected in all the tested samples, as was the NV RNA added to the RNA extracts. These results suggest that inhibitors did not play a role in this study.
DISCUSSION
We have shown that enteric viruses (NV, HAV, and RV) in bottled water can become adsorbed to the bottle wall. This adsorption depends on the type of virus, chemical composition of the water, bottle material, duration of storage, and presence of autochtonous bacteria and may reach 99.7% of the total recovered virus after 62 days of storage, which is comparable to the attachment reported by Gassilloud and Gantzer (7), where 1.5 log 10 of poliovirus genome was transferred from the aqueous phase onto the polypropylene walls during the first 20 days of incubation. Very recently, Gassilloud and coauthors (8) also reported a nearly 3-log 10 reduction of infectious poliovirus levels in bottled water stored in PET bottles.
From a method standardization point of view, virus adsorption onto bottles is undesirable, because it makes it more difficult to prepare stable reference samples that can be used for collaborative trials. However, our results also showed that viruses can also be desorbed from the bottle wall by rinsing the bottles with a small amount of elution buffer. By combining this elution procedure with the normal concentration procedure for virus detection, the total amounts of NV and RV recovered from the bottles were fairly stable (less than 38% loss over 62 days). It is therefore recommended that this combined protocol be used for collaborative studies to facilitate comparisons of the results.
NV adsorption onto glass bottles was also detected, but more time was needed to reach the same adsorption level as It is noteworthy that virus attachment using 0.22-m-poresize-filtered bottled water showed different patterns depending on the virus. NV was detected mainly in the water phase of filter-sterilized bottled water after 62 days of storage, whereas only 1% was found in the water phase if the bottled water contained its own autochthonous flora. For RV, these percentages were 50% and 3.5% for nonsterilized and filter-sterilized bottled water, respectively, whereas for HAV, 2.7% and 9.5% were recovered. In a recent publication on poliovirus adsorption to hydrophobic tubes (7), it was reported that the autochthonous flora did not appear to have any influence. Differences in adsorption depending on the viral species have also been described for adsorption to soils (ranging from 0 to 99%) and lettuce and have been attributed to the variability of the capsid, which influences the net charge on the virus (11, 26) . Assuming no role for the autochthonous flora, the HAV attachment may be explained by the isoelectric point of the viral capsid, affecting the electrostatic potential between virus and bottle and enhancing the affinity of viruses for the walls. This assumption is supported by the fact that even at day 0, half of the HAV titer, in nonsterilized and filter-sterilized bottled water, was found attached to the bottle walls.
It is well known that many bacteria are able to establish a biofilm on the bottle walls (13, 14) , and it may well be that NV and RV adsorb more readily to the biofilm than to the bottle (17, 24) . Many studies conducted on the survival of enteric viruses in water indicated that the loss of virus titer occurs at a variety of rates (1, 4, 7, 10, 12, 29) . However, in several of these studies, loss of viruses due to adherence to the support was not considered. Under our experimental conditions, the total viral genome remained quite stable over the analyzed period of time in bottled water (nonsterilized and filter-sterilized), with the exception of HAV, where the titer increase was due to the better performance of the procedure to release virus adsorbed to walls than the water filtration method.
It is debatable whether bottle analysis should also be used for monitoring purposes. Once the viruses are adsorbed, they are no longer of concern for the consumer, and it therefore seems pointless to try to detect them. However, one can argue that if an adsorbed virus were found, it would be an indication that the water source is contaminated and that viruses were present in the water phase at some point. From this perspective, it would be better to utilize the combined protocol, because a negative result with this method would be more meaningful than a negative result obtained with a method that does not detect adsorbed viruses. For this reason, we performed a survey of 294 samples of bottled water which were obtained from 25 different countries using the combined protocol. Since all samples tested negative for NV GI, NV GII, HAV, and RV, it is concluded that the corresponding sources were not contaminated with these viruses. These results, together with the absence of epidemiological data linking the consumption of bottled water to viral outbreaks, strongly support the theory that bottled water is not a vehicle for viral infections.
